Transposable elements have had a profound impact on the structure and function of mammalian genomes. The retrotransposon Long INterspersed Element-1 (LINE-1 or L1), by virtue of its replicative mobilization mechanism, comprises ∼17% of the human genome. Although the vast majority of human LINE-1 sequences are inactive molecular fossils, an estimated 80-100 copies per individual retain the ability to mobilize by a process termed retrotransposition. Indeed, LINE-1 is the only active, autonomous retrotransposon in humans and its retrotransposition continues to generate both intra-individual and inter-individual genetic diversity. Here, we briefly review the types of transposable elements that reside in mammalian genomes. We will focus our discussion on LINE-1 retrotransposons and the non-autonomous Short INterspersed Elements (SINEs) that rely on the proteins encoded by LINE-1 for their mobilization. We review cases where LINE-1-mediated retrotransposition events have resulted in genetic disease and discuss how the characterization of these mutagenic insertions led to the identification of retrotransposition-competent LINE-1s in the human and mouse genomes. We then discuss how the integration of molecular genetic, biochemical, and modern genomic technologies have yielded insight into the mechanism of LINE-1 retrotransposition, the impact of LINE-1-mediated retrotransposition events on mammalian genomes, and the host cellular mechanisms that protect the genome from unabated LINE-1-mediated retrotransposition events. Throughout this review, we highlight unanswered questions in LINE-1 biology that provide exciting opportunities for future research. Clearly, much has been learned about LINE-1 and SINE biology since the publication of Mobile DNA II thirteen years ago. Future studies should continue to yield exciting discoveries about how these retrotransposons contribute to genetic diversity in mammalian genomes.
INTRODUCTION
Transposable elements (TEs) or "jumping genes" historically have been disparaged as a class of "junk DNA" in mammalian genomes (1, 2) . The advent of whole genome DNA sequencing, in conjunction with molecular genetic, biochemical, and modern genomic and functional studies, is revealing that TEs are biologically important components of mammalian genomes. TEs are classified by whether they mobilize via a DNA or an RNA intermediate (detailed in reference 3). Classical DNA transposons, such as the maize Activator/Dissociation elements originally discovered by Barbara McClintock, move via a DNA intermediate (4, 5) . Their mobility (i.e., transposition) can impact organism phenotypes such as corn kernel variegation. Retrotransposons, the predominant class of TEs in most mammalian genomes, mobilize via an RNA intermediate by a process termed retrotransposition (6) .
The completion of the human genome reference sequence (HGR) (7, 8) confirmed the results of DNA hybridization-based re-annealing studies (9, 10) and revealed that retrotransposons have been a major force in shaping the structure and function of mammalian genomes. The mobility of non-long terminal repeat (non-LTR) retrotransposons, namely autonomously active Long INterspersed Element-1 sequences (LINE-1s, also known as L1s) and non-autonomous Short INterspersed Elements (SINEs, such as Alu and SINE-R/VNTR/Alulike retrotransposons [SVA elements]) continues to generate both intra-individual and inter-individual genetic variation in the human population (reviewed in reference 11). Remarkably, LINE-1s and SINEs constitute at least one-third (∼1 billion bp) of human genomic DNA (7) .
Since the publication of Mobile DNA II in 2002, much has been learned about the mechanism of LINE-1 and SINE retrotransposition, the impact of these elements on the human genome, and how the cell defends itself from unabated retrotransposition. A number of outstanding reviews have been published that discuss advances in each of the above areas (for example see refs. [11] [12] [13] [14] [15] [16] [17] [18] [19] ). Here, we provide a brief background about the types of TEs in the human genome. Our discussions then focus on major advances in LINE-1 and SINE biology that have occurred in the past 13 years.
TRANSPOSABLE ELEMENTS IN MAMMALIAN GENOMES Overview
Genomes are not simply static catalogues of genes. Instead, they are ever changing, genetically dynamic entities. While a typical cellular gene resides at a discrete chromosomal locus, TEs are present in multiple copies that reside at numerous genomic locations. TEs can invade new chromosomal locations, often increasing their copy number in the genome. The evolutionary impact of TEs is readily apparent by examining recently completed mammalian whole genome DNA sequences. For example, at least 46% of human DNA, 31% of canine DNA, and 37% of mouse DNA are derived from TEs (7, 20, 21) . Computer algorithms that allow the detection of ancient, highly mutated TEs suggest that TEs could possibly account for as much as 70% of human genomic DNA (22) .
Most individual TE-derived sequences in mammalian genomes cannot mobilize because they have been riddled by mutations over the course of evolution; hence, they can be considered as molecular fossils (7, 20, 21) . It is now well established that most mammalian genomes contain active LINE-1 and SINE retrotransposons. Other chapters in Mobile DNA III discuss the impact of DNA transposons and LTR retrotransposons on mammalian genomes. Here, we briefly discuss the structure and abundance of DNA transposons and LTR retrotransposons in the human genome. We focus the remainder of this chapter on how non-LTR retrotransposons mobilize and how the resultant insertions contribute to disease, genetic variation, and genomic evolution.
DNA transposons: abundance and structure in the human genome DNA transposons can move (i.e., transpose) to new genomic locations via a DNA intermediate (3) and they comprise approximately 3% of the human genome (7) . In their simplest form, DNA transposons contain inverted terminal repeat sequences that surround an open reading frame that encodes a protein (i.e., transposase) (3) . During a round of transposition, transcription of a DNA transposon is initiated from sequences within the transposable element. The resultant mRNA is transported to the cytoplasm where it undergoes translation, leading to the synthesis of a transposase protein.
A generic transposase protein, such as that encoded by the eukaryotic Sleeping Beauty DNA transposon (23) , contains a nuclear localization signal as well as DNA binding and integrase activities. After translation, transposase is imported into the nucleus, where it binds either within or near the transposon inverted terminal repeat sequences to promote transposition by a "cut and paste" (or in some cases, a replicative "copy and paste") mechanism. A given transposase protein can mobilize both protein coding (i.e., autonomous) and non-protein coding (i.e., non-autonomous) DNA transposons to new genomic locations (3) . As a consequence of transposase activity, the newly inserted DNA transposon is generally flanked by short target-site duplications of a defined size for a given class of element (3, 24) .
DNA transposons are active in numerous organisms, (e.g., insertion sequences, or IS elements, in bacteria [reviewed in reference 25], P-elements in Drosophila [reviewed in reference 26], Activator/Dissociation elements in maize [reviewed in reference 27] , and PiggyBac elements from the cabbage looper moth [28] [29] [30] ). Due to their mutagenic potential, DNA transposons have been exploited as genetic tools for various molecular biological applications (reviewed in references [31] [32] [33] . Although it was assumed that DNA transposons were no longer active in mammalian genomes, studies have identified potentially active DNA transposons (e.g., hobo-Ac-TAM [hAT] and helitron elements) in the genomes of certain bat species, suggesting that their transposition may continue to generate genetic diversity in these species (34) (35) (36) . In contrast, virtually all human DNA transposons are mutated, incapable of transposition, and can be considered as molecular fossils (7, 37) . Despite this fact, it is clear that DNA transposons have made enduring contributions to mammalian genomes over evolutionary time and that the recurrent domestication of transposasederived genes has led to genomic innovations (7, 38) . For example, the recombination activating gene-1 (RAG-1) and RAG-2, which are critical for V(D)J recombination and immune system development, may have been co-opted from an ancient Transib DNA transposon (39) . Moreover, recent studies also have revealed that the human THAP9 gene encodes a protein that is capable of mobilizing Drosophila P elements to new genomic locations in both Drosophila and human cells (40) .
LTR retrotransposons in the human and mouse genomes
Long terminal repeat retrotransposons (also known as endogenous retroviruses or ERVs) and their nonautonomous derivatives are present at >450,000 copies in the human genome and comprise approximately 8% of human DNA (7) . ERVs resemble simple retroviruses in structure. They retrotranspose via a "copy and paste" mechanism, but generally contain a nonfunctional envelope gene or lack the gene completely, which relegates them to an intracellular fate (reviewed in reference 41) .
Virtually all ERVs in the human genome have been rendered inactive by mutations and cannot undergo autonomous retrotransposition (7) . Certain human-specific ERVs (HERVs) from the HERV-K subfamily (where the K denotes the lysine tRNA needed to prime (-) strand cDNA synthesis from an ERV RNA template) are polymorphic with respect to presence in the human population (42) (43) (44) (45) (46) . This fact, coupled with the identification of polymorphic ERVs in both the chimpanzee and gorilla genomes (47) , suggests that ERVs have been active since the divergence of humans and chimpanzees. Despite concentrated efforts, no one has reported the identification of an active HERV. However, recent studies have demonstrated that HERV-K proviruses that have been reanimated using recombinant DNA technology are infectious in cultured human cells (48, 49) . Since retrovirus-encoded proteins can work efficiently in trans, it is formally possible that trans-complementation might allow the assembly of functional virus-like particles from partially defective HERVs, allowing the generation of new retrotransposition events. Advances in DNA sequencing technologies may reveal rare, active HERV-K elements or de novo germline or somatic HERV-K retrotransposition events in individual human genomes.
LTR-retrotransposons are present at >600,000 copies in mouse DNA and comprise approximately 10% of the genome (21) . In contrast to the human genome, the mouse genome contains multiple, active ERV subfamilies (50, 51) . These include autonomously active MusD and intracisternal A particle (IAP) elements, as well as nonautonomous early transposons (ETns) and mammalian apparent LTR retrotransposons (MaLRs). It is estimated that ERV insertions are responsible for approximately 10% of spontaneously arising mouse mutations (reviewed in reference 51) (discussed in greater detail in other chapters of Mobile DNA III).
LINE-1 retrotransposons: abundance and structure
A brief overview of human LINE-1 evolution and nomenclature LINE-1 retrotransposons have been amplifying in mammalian genomes for more than 160 million years (52) (53) (54) . In humans, the vast majority of LINE-1 sequences have amplified since the divergence of the ancestral mouse and human lineages approximately 65 to 75 million years ago (7) . As a consequence, LINE-1-derived sequences now account for approximately 17% of human genomic DNA (7) ( Figure 1 ).
Sequence comparisons between individual genomic LINE-1 sequences and a consensus sequence derived from modern, active LINE-1s can be used to estimate the age of genomic LINE-1s. These analyses uncovered 16 LINE-1 primate-specific subfamilies (termed PA1 to PA16) (53, 55) . These subfamilies have a monophyletic origin, suggesting that older LINE-1 subfamilies are replaced over evolutionary time by the emergence of new LINE-1 subfamilies-a phenomenon known as subfamily succession. Indeed, recent studies suggest that host proteins that restrict LINE-1 expression may drive subfamily succession (56, 57) (see below).
Functional analyses have revealed that only certain human-specific LINE-1s (termed L1Hs elements) from the PA1 subfamily remain retrotransposition-competent (58) (59) (60) (61) . The majority of active L1Hs elements belong to a small population of elements termed the transcribedactive subset (Ta-subset) (62, 63) . Ta-subset LINE-1s genomic and computationally based studies have revealed that Ta-subset LINE-1s, which are present at low allele frequencies in the human population, are highly enriched with active LINE-1s (58) . When considering that there are more than 7 billion people on the planet, these studies raise the possibility that there are perhaps millions of rare, active LINE-1 alleles in the human population (58) . When combined with the number of active non-autonomous non-LTR retrotransposons, it is undeniable that there are many more active retrotransposons in the human population than previously thought.
Active Human LINE-1s: structure
A retrotransposition-competent human LINE-1 (RC-L1) is ∼6 kb in length (64, 74) ( Figure 1 ). An RC-L1 encodes a 5′ UTR containing an internal RNA polymerase II sense strand promoter (75) , as well as an antisense promoter of unknown function (76) . The 5′ UTR is followed by two open reading frames (ORF1 and ORF2) and a 3′ UTR that terminates in a poly (A) tract (64) . Human ORF1 encodes a 40 kDa RNA binding protein (ORF1p) that has nucleic acid chaperone activity (77) (78) (79) (80) . Human ORF2 encodes a 150 kDa protein (ORF2p) (81, 82) with demonstrated endonuclease (L1 EN) (83) and reverse transcriptase (L1 RT) activities (84) . The ORF2p C-terminus contains a cysteine-rich domain of unknown function (60, 85) . Functional studies have revealed that both ORF1p and ORF2p are required for retrotransposition (60, 83) .
Mouse LINE-1s: abundance and structure
The mouse genome is replete with LINE-1-derived sequences and they comprise approximately 18% of mouse DNA (21) ( Figure 1 ). As in the HGR, the vast majority of LINE-1s in the Mus musculus reference genome have been rendered inactive by mutation (21) . Functional studies in cultured cells have revealed that approximately 3,000 mouse LINE-1s remain retrotranspositioncompetent (86) .
Mouse LINE-1s are structurally similar to human LINE-1s; however, mouse LINE-1s contain different RNA polymerase II promoter structures at their respective 5′ ends ( Figure 1 ). The mouse LINE-1 promoter consists of a series of repeats and is followed by an untranslated linker sequence located immediately upstream of ORF1 (reviewed in reference 87). As in humans, mouse LINE-1 sequences can be stratified into subfamilies: at least five structurally different subfamilies (V, F, A, T F , and G F ) of mouse LINE-1s exist, and they differ in the DNA sequences of the monomeric repeats present in their respective 5′ UTRs (88) . LINE-1s from the V and F subfamilies are thought to be inactive (89) , whereas LINE-1s from the A, T F , and G F subfamilies remain retrotransposition-competent (86, 90, 91) .
Non-autonomous retrotransposons: prevalence and structure
The proteins encoded by LINE-1s (ORF1p and/or ORF2p) can act in trans to mobilize non-autonomous retrotransposons (e.g., human Alu and SVA elements and mouse B1 and B2 elements) (92) (93) (94) (95) (96) and cellular mRNAs to new genomic locations, with the latter giving rise to processed pseudogenes (97, 98) ( Figure 1 ). As expected, each of the above elements contains structural hallmarks that are consistent with being mobilized by the LINE-1 encoded proteins (reviewed in reference 11). They generally: (i) terminate with a poly (A) or adenosine-rich sequence; (ii) are flanked by target-site duplications that vary both in their size and sequence; and (iii) integrate at a LINE-1 endonuclease consensus site in genomic DNA (99) . A brief description of each of the major types of non-autonomous retrotransposons present in the human and mouse genomes is provided below.
Human Alu elements
Alu elements represent the most abundant class of human non-autonomous retrotransposons (7) . They are present at more than 1 million copies in the HGR and comprise approximately 11% of genomic DNA (7) ( Figure 1 ). Alu elements are approximately 300 bp (100) in length and are derived from the 7SL RNA component of the signal recognition particle (101) . A full-length Alu element exhibits a dimeric structure that consists of highly similar left and right monomers that are separated by an adenosine-rich linker sequence. The left Alu monomer contains conserved A and B box sequences that are required for RNA polymerase III dependent transcription (102) . The right monomer lacks conserved A and B boxes and ends in a poly (A) tract. Genomic DNA flanking the 3′ ends of active Alu elements contains an RNA polymerase III terminator sequence (i.e., a stretch of four to six consecutive thymidines) (102, 103) . Both the size of an Alu poly (A) tract and genomic sequences that reside downstream, and in some cases upstream, of an individual Alu element can influence its expression and retrotransposition potential (104) (105) (106) (107) (108) (109) .
Like LINE-1s, Alu elements can be stratified into three major subfamilies: Alu J, S, and Y (110) (111) (112) (113) (114) ; these subfamilies can be further grouped into finer subdivisions (103, 115) . Alu J represents the oldest Alu lineage; its retrotransposition activity peaked approximately 65 million years ago (reviewed in reference 103). Alu S represents the second oldest lineage; its retrotransposition activity peaked approximately 30 million years ago (reviewed in reference 103). Alu Y elements represent the youngest Alu lineage (reviewed in reference 103). The analysis of individual human DNA sequences, in conjunction with molecular genetics and genomicsbased approaches, has revealed that certain Alu Y subdivisions (e.g., Alu Ya5, Alu Yb8, and Alu Yd8) are polymorphic with respect to presence in the human population (116, 117) . Some of these Alus may represent "source elements" or "master genes" that presently are amplifying in the human population. Indeed, the identical-by-descent mode of transmission, homoplasy-free nature, and directionality of integration (i.e., the absence of the element represents the ancestral state) have allowed the use of polymorphic Alu elements and LINE-1s as genetic markers in population-based and phylogenetic studies (118) (119) (120) (121) (122) (123) (reviewed in reference 124).
Although it is clear that the Alu Y subfamily is responsible for the bulk of Alu retrotransposition in the human genome, studies have demonstrated that an average human genome may contain thousands of active Alu "core elements" derived from both the Alu Y and Alu S subfamilies (125) and that interactions between Alu RNA and the signal recognition proteins (SRP9 and SRP14) are required to undergo efficient retrotransposition (125, 126) .
Human SVA elements
SVA elements comprise an evolutionarily young, nonautonomous retrotransposon family that arose in primate lineages approximately 25 million years ago (127) (128) (129) . SVA elements are present at approximately 2,700 copies in the HGR, comprising approximately 0.2% of human genomic DNA ( Figure 1 ). A typical SVA element is approximately 2,000 bp in length and has a composite structure that consists of: (i) a hexameric CCCTCT repeat; (ii) an inverted Alu-like element repeat; (iii) a set of GC-rich variable nucleotide tandem repeats (VNTRs); (iv) a SINE-R sequence that shares homology with HERV-K10, an inactive LTR retrotransposon; and (v) a canonical cleavage polyadenylation specificity factor binding site that is followed by a poly (A) tract (reviewed in reference 129) ( Figure 1 ). This latter feature suggests that SVA elements are transcribed by RNA polymerase II; whether SVA elements contain an internal RNA polymerase II promoter is not yet known. SVA elements also can be stratified into subfamilies based on sequence similarities. For example, approximately 40% of SVA elements from the youngest SVA subfamilies (SVA-D, SVA-E, SVA-F, and SVA-F1) are polymorphic with respect to presence in the human population, suggesting that members of these subfamilies may retain the ability to retrotranspose and contribute to human genetic diversity (129) . Interestingly, recent reports suggest that certain SVA elements can influence reporter gene expression in in vitro assays (56, 130) ; so, in principle, SVA elements might alter the expression of neighboring genes.
Gibbons and certain other nonhuman primates contain composite retrotransposons called LINE-Alu-VNTR-Alu (LAVA) elements (131) (132) (133) . LAVA elements are similar in structure to SVA elements, suggesting that they are mobilized in trans by the LINE-1 encoded proteins. In contrast to SVA elements, LAVA elements lack a HERV-K sequence and instead contain a sequence motif that consists of unique DNA, as well as sequences derived from ancient Alu S and LINE-1 elements (131) (132) (133) . Interestingly, LAVA elements have undergone a massive expansion in gibbon genomes. Recent reports demonstrate that LAVA elements are concentrated at centromeres and may contribute to gibbon genomic plasticity (134) .
Mouse B1 and B2 elements and other SINEs
The completion of the Mus musculus reference genome revealed the presence of various abundant classes of nonautonomous SINEs (21) . The first, B1, is an ∼135 bp, 7SL-derived monomeric SINE (135, 136) ( Figure 1 ). B1 elements have amplified to more than 500,000 copies and comprise approximately 2.7% of mouse DNA (21) . Like Alu elements, an active B1 element contains conserved A and B box sequences that are required for RNA polymerase III dependent transcription and end in a poly (A) tract that is flanked by genomic DNA sequences containing an RNA polymerase III terminator. The second, B2, is an ∼200 bp, tRNA-derived SINE (137) ( Figure 1 ). B2 elements have amplified to more than 300,000 copies and comprise approximately 2.4% of mouse DNA (21) . The tRNA-derived region of B2 contains conserved A and B box sequences that are required for RNA polymerase III dependent transcription. The 3′ end of B2 ends in a poly (A) tract and is flanked by genomic DNA sequences containing an RNA polymerase III terminator (137) . A third class of mouse SINE, the ID elements, appears to be derived from a tRNA; an ID-element-derived RNA (BC1 RNA) is expressed abundantly in the nervous system (137, 138) . A fourth class, known as B4 elements, appears to represent an ancient hybrid SINE derived from a fusion between B1 and ID elements and does not seem to be active in the mouse genome (139, 140) . Although cell culture-based assays have demonstrated the existence of active B1 and B2 SINEs in the mouse genome (93) , the number of active elements remains unknown.
ASMscience.org/MicrobiolSpectrum 7 Figure 1 ). Recent studies have revealed that there may be at least 8,000 to 17,000 processed pseudogenes in the HGR (143) (144) (145) . The majority of processed pseudogenes appear to be derived from housekeeping genes or ribosomal protein-encoding genes. Whole genome DNA sequence studies have further revealed the presence of segregating processed pseudogene insertions in individual genomes, indicating that processed pseudogene formation continues to contribute to inter-individual genomic diversity (146) (147) (148) (149) (150) . Finally, several studies have demonstrated how processed pseudogenes can evolve to acquire a cellular function (reviewed in reference 151). In extreme cases, this process can lead to the evolution of new genes that participate in host defense against exogenous viruses. For example, independent LINE-1-mediated retrotransposition events of cyclophilin mRNA into the TRIM5 locus have led to the production of a TRIM5/cyclophilin fusion protein that can restrict the mobility of HIV in owl monkeys (152, 153) .
Other cellular RNAs mobilized by the LINE-1-encoded proteins
The LINE-1-encoded proteins have been implicated in the mobility of other cellular RNAs, such as uracil-rich small nuclear RNAs (snRNAs) (i.e., U6, U6atac, and to a lesser extent U1, U2, U4, and U4atac) and small nucleolar RNAs (snoRNAs) (i.e., U3 snoRNA) (154) (155) (156) (157) (158) . In contrast to the mechanism of processed pseudogene formation, the structures of chimeric U6/L1 pseudogenes suggest that U6 snRNA was reverse transcribed onto a 5′ truncated LINE-1 cDNA during the process of LINE-1 integration (155) (see below). Chimeric U6/LINE-1 pseudogenes have been identified in many primate genomes (159) . Moreover, the recapitulation of U6/LINE-1 chimeric pseudogene formation in cultured human cells strongly supports the hypothesis that U6/LINE-1 pseudogene formation is ongoing in the human population (156, 157) .
LINE-1-mediated retrotransposition events and human disease A brief historical perspective
Historically, it was assumed that LINE-1s could be dismissed as a class of repetitive "junk DNA". This view changed radically in 1988, when the Kazazian laboratory identified two independent, mutagenic LINE-1 insertions into the Factor VIII genes of unrelated boys afflicted with hemophilia A (160) . Although those LINE-1 insertions were predicted to be inactive (i.e., one was 5′ truncated, while the other was both 5′ truncated and internally rearranged), DNA sequencing revealed that each of the disease-producing insertions likely was derived from an active full-length progenitor LINE-1 that contained intact open reading frames. The derivation of an oligonucleotide probe that specifically recognized the disease-producing LINE-1 insertion and related elements subsequently led to the identification of a cohort of full-length LINE-1s with intact open reading frames (61, 64, 161) . One of these LINE-1s (L1.2B), isolated from genomic DNA derived from the mother of one of the hemophiliac patients, was identical (over the ∼3.8 kb length of insertion) to the disease-producing LINE-1 insertion in her son (64) . The demonstration that an allele of L1.2 (L1.2A) could retrotranspose in cultured human cells subsequently confirmed that LINE-1s were active in the human genome (60, 162) .
Disease-producing LINE-1-mediated insertions
Mutagenic LINE-1 retrotransposition events have been implicated in at least 25 cases of human disease, including Duchenne muscular dystrophy, hemophilia B, chronic granulomatous disease, X-linked retinitis pigmentosa, and β-thalassemia trait (reviewed in reference 14). In general, these LINE-1 retrotransposition events either disrupt coding exons or occur into introns, which can result in mis-splicing or exon skipping, and lead to the generation of null or hypomorphic expression alleles (reviewed in references 11, 151) . As predicted by Maxine Singer during her studies of LINE-1 expression in human teratocarcinoma cell lines (62, 163) , all but two of the 25 disease-producing LINE-1 insertions were derived from the LINE-1 Ta-subset. The remaining insertions were derived from the slightly older pre-Ta subset (which contains an ACG at nucleotide positions 5930-5932 as opposed to the ACA in L1.2 [64] ). These observations, as well as functional studies (reviewed in reference 11), provide evidence that the LINE-1 Ta-subfamily comprises the bulk of active LINE-1s in the human genome and that some pre-Ta LINE-1s remain active. LINE-1-mediated non-autonomous retrotransposition events also have caused sporadic cases of human disease. For example, deleterious Alu retrotransposition events are responsible for over 60 disease-producing mutations in man (14, 164) . Almost all of the diseaseproducing insertions are derived from members of the Alu Y subfamily, and the majority of these belong to the Alu Ya5 and Alu Yb8 subdivisions. Similarly, deleterious SVA retrotransposition events (derived from the SVA-E and SVA-F1 subfamilies) are responsible for at least 10 disease-producing mutations in man (14, (165) (166) (167) . Recent studies have identified a processed pseudogene insertion into the CYBB locus that is responsible for a sporadic case of chronic granulomatous disease (168) . De novo processed pseudogene insertions also have been identified in cancer genomes (169) . Finally, there are four examples where human diseases have been caused by the insertion of poly (A) tracts, which likely are derived from severely truncated LINE-1-mediated retrotransposition events (reviewed in reference 14).
The above studies have revealed that LINE-1-mediated retrotransposition events are responsible for approximately 100 cases of sporadic human disease and provoke the following question: how often does LINE-1-mediated retrotransposition lead to human disease? A union of the above data, in conjunction with recent efforts to catalog the spectrum of mutations of the NF1 gene causing the autosomal dominant disease neurofibromatosis, suggests that LINE-1-mediated retrotransposition events are responsible for approximately 1 in 250 disease-producing mutations in man (170) .
LINE-1-mediated retrotransposition events as mutagens in other mammals
Deleterious LINE-1-mediated retrotransposition events are implicated as disease-producing mutations in nonhuman mammals. For example, LINE-1 retrotransposition events into genes are linked to mutagenic phenotypes in at least seven different mouse strains (171) (172) (173) (174) (175) (176) (177) . Two of these mutagenic insertions, one into the gene encoding the glycine receptor β-subunit (i.e., L1 spa ) and another into the reeler gene (i.e., L1 Orl ), represent full-length LINE-1 insertions (171) (172) (173) . Subsequent studies revealed that both L1 spa and L1 Orl could retrotranspose in cultured human and mouse cells, and led to the discovery of active LINE-1s from the T F subfamily (90) . Likewise, a mutagenic B1 insertion into the mouse Atcay locus is responsible for the jittery mouse, further demonstrating that B1 element retrotransposition continues to impact the mouse genome (178, 179) .
LINE-1 retrotransposition events have been implicated in various dog phenotypes. For example, a LINE-1 retrotransposition event into the c-myc gene has been identified in a canine transmissible venereal tumor (180, 181) , although it remains uncertain if the insertion event is involved in tumorigenesis. Likewise, LINE-1 retrotransposition events into the Factor IX, dystrophin, and DLX6 genes are implicated in a mild case of hemophilia B in German Wirehaired Pointers, Duchenne-like muscular dystrophy in the Pembroke Welsh Corgi, and cleft palate and mandibular abnormalities in the Nova Scotia Duck Tolling Retriever (182) (183) (184) .
The retrotransposition of a canine tRNA-derived SINE (i.e., SINEC_Cf) is responsible for various phenotypes in dog breeds. These include narcolepsy in Doberman Pinschers, centronuclear myopathy in Labrador Retrievers, "merle" coat color pigmentation in Shetland Sheepdogs, and progressive retinal atrophy in Tibetan Spaniels and Tibetan Terriers (185) (186) (187) (188) . Finally, the expression of an FGF4 pseudogene is responsible for the "short-legged" phenotypes of at least 19 dog breeds (189) . It will be interesting to determine the extent to which dog breeders have inadvertently selected for mutagenic LINE-1mediated retrotransposition events that lead to "desirable" phenotypes within dog breeds. Indeed, selective breeding leads to genetic bottlenecks, which may allow the ready identification of retrotransposon insertions that dramatically affect phenotypic traits in mammals and other organisms.
MECHANISTIC STUDIES OF LINE-1 RETROTRANSPOSITION An assay to study LINE-1 retrotransposition
Almost 20 years ago, a functional assay was developed to assess the retrotransposition potential of LINE-1s in cultured mammalian cells (60) . The assay builds upon a rationale developed by Boeke and colleagues to demonstrate that the yeast Ty1 retrotransposon mobilizes via an RNA intermediate (6) . Subsequent enhancements of the assay by the Heidmann and Curcio laboratories then led to the development of retrotransposition indicator cassettes that could only become activated for expression upon a successful round of retrotransposition (190, 191) .
Briefly, the 3′ UTR sequences of candidate full-length LINE-1s are tagged with a retrotransposition indicator cassette that consists of a backward copy of a neomycin phosphotransferase reporter gene equipped with its own promoter and polyadenylation signals (i.e., the mneoI cassette; Figure 2 ). Importantly, the reporter gene is disrupted by an intron that resides in the same transcriptional orientation as the LINE-1 (60, 192, 193) . This arrangement ensures that the expression of the neomycin phosphotransferase gene only occurs upon a successful round of LINE-1 retrotransposition, which ultimately leads to the generation of clonal foci that grow in the presence of the neomycin analog G418. Hence, the assay allows a simple, yet powerful way to monitor LINE-1 retrotransposition efficiency by counting G418-resistant foci (60) .
Since the inception of the cultured cell retrotransposition assay, a battery of retrotransposition indicator cassettes has been developed to assess LINE-1 retrotransposition by either exploiting drug selection (i.e., a blasticidin resistance cassette) or screening for reporter gene activation (i.e., green fluorescent protein and luciferase cassettes) (194) (195) (196) (197) (Figure 2 ). Moreover, engineered LINE-1 elements, that contain epitope tags on the C-termini of ORF1p and ORF2p and an MS2 binding site in the LINE-1 mRNA, have allowed the direct detection of the LINE-1-encoded proteins and mRNA in cultured cells using both biochemical approaches and fluorescence microscopy (82, (198) (199) (200) (201) (Figure 2 ). Finally, retrotransposition indicator cassettes have been developed that allow the direct recovery of engineered LINE-1 retrotransposition events as autonomously replicating plasmids in Escherichia coli (156, 202, 203) ( Figure 2 ).
In summary, the cultured cell retrotransposition assay, in conjunction with complementary molecular genetic and biochemical studies, has: (i) allowed the identification of active LINE elements from mammalian and vertebrate genomes (58-61, 86, 90, 91, 204, 205) ; (ii) shown that allelic heterogeneity affects LINE-1 retrotransposition (162, 206) ; (iii) facilitated experimental illumination of the LINE-1 retrotransposition mechanism (reviewed in reference 11); (iv) demonstrated that FIGURE 2 Engineered Long INterspersed Element-1 (LINE-1) structure and cell based strategies to study retrotransposition. The LINE-1 expression vector consists of a retrotransposition-competent LINE-1 subcloned into pCEP4 (flanked by a CMV promoter and an SV40 polyadenylation signal). The pCEP4 vector is an episomal plasmid that has protein encoding (EBNA-1) and cis-acting (OriP) sequences necessary for replication in mammalian cells; it also has a hygromycin resistance gene (HYG) that allows for the selection of mammalian cells containing the vector, as well as a bacterial origin of replication (Ori) and ampicillin selection marker (Amp) for plasmid amplification in bacteria. The mneoI reporter cassette, located in the LINE-1 3′ UTR, contains the neomycin phosphotransferase gene (NEO, purple box, with its own promoter and polyadenylation signals, purple arrow and lollipop, respectively) in the opposite transcriptional orientation of LINE-1 transcription. The reporter gene is interrupted by an intron (light purple box) with splice donor (SD) and splice acceptor (SA) sites in the same transcriptional orientation as the LINE-1. This arrangement of the reporter cassette ensures that the reporter gene will only be expressed after a successful round of retrotransposition. De novo retrotransposition of the mneoI reporter cassette will result in G418-resistant colonies that can be quantifiedgenetic assay panel with pJM101/L1.3 (wild-type [WT]) and pJM105/L1.3 (RT mutant [RT-]) LINE-1 constructs. Alternative reporters can be used instead of mneoI to allow different drug-resistance, fluorescent, or luminescent read-outs (alternative reporters panel, with blasticidin-S deaminase [BLAST], enhanced green fluorescent protein [EGFP] or luciferase [LUC]) retrotransposition indicator cassettes. The addition of the ColE1 bacterial origin of replication (recovery of the insertion panel, green box) to a modified version of the mneoI reporter cassette allows the recovery from cultured cell genomic DNA of engineered LINE-1 retrotransposition events as autonomously replicating plasmids in Escherichia coli. The insertions also can be characterized by inverse polymerase chain reaction using divergent oligonucleotide primers (recovery of the insertion panel, black arrows: 1 and 2) that anneal to the reporter gene. The use of epitope tags (T7-tag in C-terminus of ORF1, yellow box, and TAP-tag in C-terminus of ORF2, blue box) allow the immunoprecipitation (not shown) and detection of LINE-1 proteins by western blot and immunofluorescence (IF) (detection panel, with western blot data obtained with pAD2TE1, a vector expressing ORF1-T7p and ORF2-TAPp, compared to untransfected [UT] HeLa cells [82] ). The addition of the RNA-stem loops that bind the bacteriophage MS2 coat protein (409) (orange box) in the 3′ UTR of LINE-1 can be used to detect the cellular localization of LINE-1 RNA by fluorescent in situ hybridization (FISH). Both IF and FISH strategies can be combined to detect the subcellular localization of ORF1p, ORF2p, and LINE-1 RNA (cellular localization panel, with pAD3TE1 vector containing ORF1-T7p, ORF2-TAPp, and LINE-1 RNA-MS2 [82] ). The images shown in the cellular localization and the detection box originally were published in (82) . Additional references are provided in the text. doi:10.1128/microbiolspec .MDNA3-0061-2014.f2 LINE-1 retrotransposition generates genomic structural variation (156, 202, 203) ; (v) revealed that the LINE-1encoded proteins (ORF1p and/or ORF2p) could act in trans to mediate SINE retrotransposition and processed pseudogene formation (92) (93) (94) (95) (96) (97) (98) ; and (vi) allowed the identification of host factors that may restrict and/or promote retrotransposition (see below). Clearly, the cultured cell assay has been and continues to be instrumental in allowing a deeper mechanistic understanding of LINE-1 biology.
Functional studies of LINE-1 retrotransposition
The LINE-1 5′ UTR Although the promoter structures of human and mouse LINE-1s differ (Figure 1) , it is clear that the acquisition of an internal RNA polymerase II promoter has ensured that full-length retrotransposed LINE-1s retain the potential to undergo subsequent amplification in the genome. The human LINE-1 5′ UTR is approximately 910 bp in length and contains an internal RNA polymerase II promoter that directs transcription of LINE-1 mRNA at or near the first nucleotide of the element (75, 207) . Experimental studies have revealed that a YY1-binding site at the 5′ end of the 5′ UTR is critical for accurate transcriptional initiation and that most LINE-1 mRNAs contain a 7-methyl guanosine cap structure, which facilitates their translation (208, 209) . The 5′ UTR harbors cis-acting binding sites for the following transcription factors: Runx3, Sp1, and SRY-related (Sox) proteins (75, 207, 210, 211) . Studies in cultured cells have revealed that mutations in these cis-acting sequences reduce LINE-1 transcription and retrotransposition. In addition, it is likely that other host factors bind the 5′ UTR and regulate LINE-1 expression (see below).
In addition to containing a sense strand promoter, the human LINE-1 5′ UTR contains a conserved RNA polymerase II antisense promoter (76) . Transcription from the LINE-1 antisense promoter can lead to the generation of chimeric transcripts comprising LINE-1 sequences conjoined to sequences derived from the 5′ genomic flank of a given LINE-1 locus (76, 212) . These chimeric transcripts have been used as a proxy to identify transcriptionally active LINE-1 elements in human embryonic stem cells (213) . Although mammalian bidirectional promoters have been identified to be the source of some noncoding RNAs (214) , the function of the human LINE-1 antisense chimeric transcripts, if any, requires elucidation.
The mouse LINE-1 5′ UTR consists of a series of up to seven and two-thirds monomeric repeats that are followed by an untranslated linker sequence immediately upstream of ORF1 (87, 90) . Reporter gene assays have revealed that 5′ UTRs from the A, T F , and G F LINE-1 subfamilies remain transcriptionally active (90, 215, 216) , whereas 5′ UTRs from the V and F LINE-1 subfamilies generally lack transcription activity (89) . Cell culture-based and biochemical assays have revealed that mRNAs derived from the A, T F , and G F subfamilies are enriched in ribonucleoprotein particles (RNPs) and that select LINE-1 elements from these remain retrotranspositioncompetent (86, 90, 91) . Hence, it appears that the ability of mouse LINE-1s to capture new promoter sequences has, in part, led to their evolutionary success.
Mouse LINE-1s contain a transcriptionally active antisense RNA polymerase promoter (217, 218) . Unlike human LINE-1s, the antisense promoter is located within ORF1. Transcription from the mouse antisense promoter leads to the generation of chimeric transcripts containing LINE-1 sequences conjoined to genomic sequences that flank the 5′ end of the LINE-1 locus. Moreover, the overexpression of LINE-1 antisense mRNA could lead to a reduction of retrotransposition in cultured cells (218) . Hence, it is intriguing to speculate that LINE-1 antisense mRNA may play a role in regulating mouse LINE-1 retrotransposition in vivo.
Recent studies indicate that a large fraction of mammalian long noncoding RNAs contain retrotransposonderived sequences and that some are transcribed from LTR-retrotransposon-derived promoters (219, 220) , (reviewed in reference 221). Intriguingly, select long noncoding RNAs are involved in maintaining the pluripotency of embryonic stem cells by yet unidentified mechanisms (222) . It will be interesting to determine if the LINE-1 antisense promoter contributes to the transcriptional regulatory network regulating stem cell identity (reviewed in reference 223).
ORF1p
ORF1p is an ∼40 kDa protein (also known as p40 for human LINE-1s) that is translated from LINE-1 mRNA by a traditional cap-dependent mechanism (77, 209, 224) . Early biochemical studies demonstrated that mouse and human ORF1p resides in cytoplasmic RNPs and binds single-strand RNA in a sequence-independent manner (78, (225) (226) (227) (228) . Biochemical and genetic analyses clearly demonstrate that ORF1p is required for LINE-1 RNP formation, and that LINE-1 RNP formation is a necessary step in the retrotransposition process (198) .
Structural studies have revealed that the N-terminus of LINE-1 ORF1p contains a coiled-coil domain, which facilitates trimerization of ORF1p molecules (79, (229) (230) (231) (232) . The central region of ORF1p contains a noncanonical RNA recognition motif that, with assistance of its C-terminal domain, is required for ORF1p RNA binding (79, 231, 233) . Notably, missense mutations in highly conserved amino acid residues in both the RNA recognition motif and C-terminal domain either abolish or adversely affect LINE-1 retrotransposition in cultured cells (60, 231) .
Human and mouse ORF1p contain nucleic acid chaperone activities that can facilitate the re-annealing of single-strand DNAs in vitro (80, (234) (235) (236) . Notably, several studies have shown that, despite the lack of sequence homology, proteins encoded by non-mammalian LINEs also contain nucleic acid chaperone activity (237, 238) . For example, ORF1p from a zebrafish LINE (ZfL2-1) has nucleic acid chaperone activity (239) . It is hypothesized that this nucleic acid chaperone activity facilitates the initial steps of LINE-1 integration in vivo. Somewhat unexpectedly, the deletion of ORF1 does not abolish ZfL2-1 retrotransposition activity in cultured human cells (240) . These data, coupled with the fact that Alu retrotransposition only requires the protein encoded by LINE-1 ORF2 (92), raise questions regarding how ORF1p nucleic acid chaperone activity participates in LINE-1 retrotransposition. The development of cell-free systems to monitor LINE-1 retrotransposition would allow a more rigorous examination of the ORF1p functions required for retrotransposition.
ORF2p
ORF2p is an ∼150 kDa protein (81, 82, 200, 241 ) that contains endonuclease (L1 EN) (83) and reverse transcriptase (L1 RT) (84) activities that are critical for retrotransposition (60, 83) . The L1 EN domain resides near the N-terminus of the protein, and bears similarity to apurinic/apyrimidinic endonucleases (APEs) (242) (243) (244) . In vitro and bioinformatics analyses (71, 83, 99, 196, 245) suggest that L1 EN makes a single-strand endonucleolytic nick at a loosely defined consensus sequence in genomic DNA (5′-TTTT/A-3′; where the slash indicates the scissile phosphate), exposing a 5′ phosphate and 3′ hydroxyl group (83) . Crystallographic studies suggest that L1 EN recognizes an extra helical "flipped" adenine residue 3′ of the scissile bond to mediate cleavage using a mechanism similar to that employed by other APE proteins (244) . In addition, it is likely that epigenetic modifications of target DNA (e.g., nucleosome accessibility) might affect ORF2p accessibility and L1 EN cleavage activity (246) .
The L1 RT domain is located downstream of the EN domain in ORF2p, and shares sequence similarity to the RT domains encoded by telomerase, Penelope-like retrotransposons, group II introns, other non-LTR retrotransposons, LTR retrotransposons, and retroviruses (247) (248) (249) . Biochemical and genetic assays originally were used to demonstrate that Ty1/LINE-1 ORF2p fusion proteins possess reverse transcriptase activity in vitro (84, 250) . The subsequent purification of recombinant ORF2p produced in a baculovirus expression system revealed that full-length ORF2p could efficiently generate reverse transcripts from poly rA/oligo dT 12 primer template complexes, that L1 RT activity exhibited a preference for Mg 2+ over Mn 2+ , and that L1 RT exhibited both RNA-dependent and DNA-dependent polymerase activities (251) . Additional studies revealed that, like the RT encoded by the R2Bm retrotransposon (252), L1 RT is highly processive (when compared to Moloney murine leukemia virus RT) and lacks detectable RNase H activity (253) .
L1 RT activity has been detected in LINE-1 RNP preparations derived from cells transfected with engineered LINE-1 expression vectors (199) . Importantly, this work confirmed that ORF2p preferentially reverse transcribes its own mRNA template (i.e., it exhibits cispreference for its encoding RNA) and that point mutations in ORF1 and the L1 EN domain, which adversely affect LINE-1 retrotransposition, retain reverse transcriptase activity (199) . Finally, these and subsequent studies confirmed previous inferences (156) that L1 RT can extend terminally mismatched primer-template complexes (199, 254) . The latter property distinguishes L1 RT from Moloney murine leukemia virus and other retroviral reverse transcriptase enzymes.
Although LINE-1 ORF1p and L1 RT activity were readily detectable in RNP preparations, the detection of the LINE-1 ORF2p had been notoriously difficult. Epitope-tagging strategies have allowed the detection of ORF2p in whole cell extract and RNP preparations derived from cells transfected with engineered LINE-1 expression vectors (82, 200, 241) . Using a similar strategy, immunofluorescence microscopy studies revealed that engineered ORF2p co-localizes in cytoplasmic foci with both ORF1p and LINE-1 mRNA (82, 200, 241) ( Figure 2 ). Despite progress in detecting ORF2p in cultured cells, debate continues regarding the stoichiometry of ORF1p and ORF2p bound to LINE-1 mRNA (82, 200, 241) . It appears that ORF1p is much more abundant in LINE-1 RNPs than ORF2p. Additionally, the composition of a functional LINE-1 RNP and how the LINE-1 mRNA transitions to a retrotransposition intermediate require elucidation. Clearly, the development of reconstituted in vitro target-site primed reverse transcription reactions would greatly advance the understanding of the detailed molecular mechanism of LINE-1 retrotransposition.
LINE-1 ORF2p contains an ill-defined cysteine-rich domain (C-domain) at its C-terminus, which has been suggested to function as a zinc-knuckle domain (85) . Consistent with its biological importance, cysteine to serine mutations in the C-domain interfere with LINE-1 RNP formation and strongly inhibit LINE-1 retrotransposition in cultured cells (60, 82) . Recent studies indicate that a recombinant protein containing the last 180 amino acids of ORF2p exhibits nonsequence-specific RNA binding in vitro, and that cysteine to serine mutations in the C-domain do not adversely affect RNA binding (255) . Hence, future studies are required to elucidate the exact function of the C-domain in LINE-1 retrotransposition.
Additional functional domains are likely to exist within LINE-1 ORF2p. Indeed, PCNA, which is the sliding clamp protein essential for DNA replication, recently was found to directly interact with ORF2p through a conserved sequence known as a PCNA interaction protein domain (PIP box), which is located between the L1 EN and L1 RT domains (200) . Mutating the PIP box abolished LINE-1 retrotransposition (200); however, how PCNA functions in LINE-1 retrotransposition requires further elucidation.
How ORF2p is translated from bicistronic LINE-1 mRNA remains an active area of study and recent reports suggest that human and mouse LINE-1 ORF2p may be translated by distinct mechanisms (256, 257) . In human LINE-1s, a 63-nucleotide spacer that contains two in-frame stop codons separates ORF1 and ORF2. Genetic studies in cultured cells suggest that ORF2p translation occurs by an unconventional termination/ re-initiation mechanism where a translating ribosome must be able to scan from the stop codon of ORF1 to the start codon of ORF2 (256) . Remarkably, studies show that human ORF2 can be translated in an AUGindependent manner (256) . By comparison, evidence from luciferase reporter assays suggests that the presence of an internal ribosome entry site, which is located near the 3′ end of mouse ORF1, is used to facilitate translation of mouse ORF2 (257) . In addition, cell culture assays have revealed that mouse ORF2 may be translated in an AUG-independent manner (256, 257) . Notably, it is unlikely that the 3′ end of human ORF1 has an internal ribosome entry site (256) . Indeed, it has been demonstrated that the sequence of the ORFs encoded by human and mouse LINE-1s can be subjected to substantial sequence changes by codon optimization without affecting retrotransposition in cultured cells (258, 259) , suggesting that strict cis-acting sequences are not required for ORF2 translation.
It is unlikely that LINE-1s have evolved a novel mechanism to mediate ORF2 translation. Instead, we hypothesize that LINE-1s have evolved to exploit translation mechanisms inherent to their hosts to mediate ORF2 translation (256) . Interestingly, recent ribosomal profiling studies have uncovered an increasing number of unannotated reading frames that reside 5′ of annotated ORFs (260) ; some short ORFs also may be translated via an AUG-independent mechanism (261) . Clearly, additional studies are warranted to elucidate the ORF2 translation mechanism and to determine if ORF2 translation differs among mammalian LINE-1s.
The LINE-1 3′ UTR
The human LINE-1 3′ UTR is ∼206 bp in length and contains a conserved polypurine tract that is predicted to form a G-quadruplex structure (262) . Intriguingly, the polypurine tract is not required for LINE-1 retrotransposition in cultured cells (60) ; but the polypurine tract can inhibit LINE-1 RT activity in in vitro biochemical assays (253) . Despite its evolutionary conservation, how the polypurine tract functions in LINE-1 biology remains unknown.
LINE-1 3′ UTRs contain a functional RNA polymerase II polyadenylation signal near their 3′ ends. Experiments in cultured cells have revealed that the LINE-1 poly (A) signal is relatively weak, is often bypassed by RNA polymerase II, and that RNA polymerase II frequently uses canonical polyadenylation sites fortuitously present in 3′ flanking genomic DNA sequences (263) . The use of these genomic polyadenylation sequences can lead to the generation of chimeric LINE-1 transcripts containing genomic DNA sequences at their 3′ end (see below). Finally, recent data suggest that the human and mouse 3′ UTRs have promoter activity that leads to the generation of alternative LINE-1 transcripts in various tissues (264) . The field awaits a better definition of this promoter activity and the role of the resultant transcripts in LINE-1 biology.
An overview of the LINE-1 replication pathway
LINE-1 retrotransposition occurs via a "copy and paste" process termed target-site primed reverse transcription (TPRT; Figure 3 ), a mechanism originally described by the Eickbush laboratory for the related site-specific non-LTR retrotransposon, R2Bm, from the silkworm Bombyx mori genome (265) . After transcription from a chromosomal locus, a full-length bicistronic LINE-1 mRNA is exported to the cytoplasm. Upon translation, ORF1p and ORF2p exhibit a strong cis-preference (97, 98) and bind to their respective encoding mRNA, forming an RNP (78, 82, 198, 227, 228) . The LINE-1 RNP minimally consists of LINE-1 mRNA, multiple ORF1p trimers, and as few as one molecule of ORF2p (82, 256) , but also likely contains numerous cellular proteins and RNAs (200, 201, 266) ( Figure 3) .
Intriguingly, subsequent studies revealed that ORF1p, ORF2p, and LINE-1 RNA accumulate in dense cytoplasmic foci, which are closely associated with stress granule proteins (82, 197) . In yeast, proteins encoded by Ty1 and Ty3 retrotransposons are associated with cytoplasmic foci called processing bodies (P-bodies) and experiments suggest that P-body localization is important for RNP assembly and may represent a host mechanism that regulates retrotransposition (267) (268) (269) .
How the LINE-1 RNP enters the nucleus is not fully understood. Experiments using modified secondgeneration adenoviral expression vectors containing an active human LINE-1 have demonstrated that LINE-1 retrotransposition can occur in G1/S arrested cells (270) . Similarly, LINE-like sequences from Candida albicans (271, 272) and Neurospora crassa (273) , which undergo closed mitosis, can retrotranspose independently of nuclear envelope breakdown. So, it does not appear that cell division is a requisite for LINE-1 retrotransposition. Some reports suggest that cell division augments the retrotransposition of engineered LINE-1s in cultured cells (274, 275) . Notably, the cultured cell retrotransposition assay generally requires the detection of retrotransposition events as a function of reporter gene expression. Hence, as cells divide they may produce more of the reporter gene product, leading to an apparent increase in LINE-1 retrotransposition potential, thereby explaining the apparent discrepancies among the above studies.
Once in the nucleus, L1 EN makes a single-strand endonucleolytic nick in genomic DNA at a degenerate consensus sequence (5′-TTTT/A: where the "/" indicates the scissile phosphate), exposing a 3′ hydroxyl group that serves as a primer for the reverse transcription of the LINE-1 mRNA by the L1 RT activity encoded in ORF2p (83, 276) (Figure 3 ). Whether the LINE-1 mRNA simply acts as a template for retrotransposition or whether it plays additional roles during TPRT requires more study. It is notable that codon-optimized synthetic mouse and human LINE-1s, in which ∼25% of the nucleotide sequence has been replaced to increase the G-C content of LINE-1 RNA while retaining the amino acid sequence of the LINE-1 encoded proteins, can readily retrotranspose in cultured human cells (258, 259) .
Studies in cultured human cells have revealed that the LINE-1 RT has a misincorporation error rate of ∼1 in 6,500 bases (156) . By using the binomial distribution, it has been estimated that ∼40% of full-length LINE-1 retrotransposition events represent faithful copies of the progenitor LINE-1 element (∼37% contain one mutation, and ∼16% contain two mutations) (156) . Subsequent steps in the retrotransposition process, including second-strand target-site DNA cleavage and secondstrand LINE-1 cDNA synthesis, require additional investigation. By analogy to the evolutionarily related R2 retrotransposon of Bombyx mori, ORF2p may play a role in each of the above processes (277) . The net result of TPRT is the integration of a new LINE-1 copy at a new chromosomal location (Figure 3 ).
Genomic rearrangements generated during LINE-1 retrotransposition
LINE-1-mediated retrotransposition events are sometimes accompanied by intra-LINE-1 rearrangements (e.g., 5′ truncations and 5′ truncations associated with inversion/deletion events) or genomic structural rearrangements ( Figure 4 ). The features of these events suggest that host processes, such as DNA repair and/or DNA replication, may ultimately impact the structure of newly retrotransposed LINE-1s. Below we discuss some of these rearrangements.
Intra-LINE-1 alterations
The examination of the HGR reveals that ∼30% to 35% of human-specific Ta-subset LINE-1 insertions are fulllength, ∼40% to 45% are truncated at their 5′ ends, and ∼25% contain internal rearrangements known as inversion/deletions (7, 63, 71, 278) . The characterization of engineered LINE-1 retrotransposition events from cultured cells has led to the proposition that two pathways of LINE-1 retrotransposition exist: conventional and abortive retrotransposition (156) . Conventional retrotransposition accounts for the generation of full-length LINE-1 insertions and can lead to the formation of new "master genes" that can serve as a source of retrotransposition events in subsequent generations ( Figure 4A ). In general, full-length LINE-1 insertions are characterized by typical LINE-1 structural hallmarks (i.e., they terminate with a poly (A) tract; are flanked by variable size target-site duplications; and integrate at a LINE-1 endonuclease consensus site) (reviewed in reference 11).
The generation of 5′ truncated LINE-1 elements is proposed to occur via abortive retrotransposition. Here, the L1 RT becomes dissociated from the (-) strand LINE-1 cDNA during TPRT. Annealing of the LINE-1 cDNA to top-strand genomic DNA then may specify the placement of top-strand (also referred to as second-strand) genomic DNA cleavage, generating a 3′ hydroxyl group needed for DNA-dependent (+) strand LINE-1 cDNA synthesis (156, 279) . How the L1 RT may become dissociated from the LINE-1 cDNA requires clarification; however, it is intriguing to speculate that the process of LINE-1 integration represents a battleground between LINE-1 and the host, and that the Y-branch intermediate generated during (-) strand LINE-1 cDNA synthesis may elicit a DNA repair response(s) by the host (156) . Recent studies suggest that the ataxia telangiectasia mutated (ATM) and excision repair cross-complementation group 1 (ERCC1) proteins modulate LINE-1 retrotransposition (280-282); hence, it is reasonable to speculate that DNA repair pathways might influence the generation of 5′ truncated LINE-1s.
The formation of inversion/deletion structures represents an alternative form of conventional retrotransposition termed "twin-priming" (278) . Here, the LINE-1 mRNA anneals to single-strand DNA exposed at both the cleaved bottom-and top-strand genomic DNA sequences ( Figure 4A ). Template switching of the L1 RT during RNA-dependent (-) strand LINE-1 cDNA synthesis, or perhaps a second molecule of ORF2p, then allows the use of the 3′ hydroxyl group generated at the top-strand LINE-1 mRNA/genomic DNA duplex to serve as a primer for convergent RNA-dependent (-) strand LINE-1 cDNA synthesis. Microhomology-mediated annealing of the resultant cDNAs followed by the completion of cDNA synthesis (by either a LINE-1 RT DNA-dependent DNA polymerase activity or a host-encoded DNA polymerase) then can lead to the formation of inversion/deletion structures ( Figure 4A) . Notably, virtually all of the predictions of the twin-priming model have been confirmed by examining engineered LINE-1 integration events from cultured cells (156) . How microhomology-mediated annealing occurs needs further study, although one can hypothesize that it is carried out by an alternative, microcomplementaritymediated non-homologous end joining pathway of DNA repair (283) .
The incorporation of untemplated nucleotides, presumably added after the completion of (-) strand LINE-1 cDNA synthesis by the LINE-1 RT, can result in short stretches of nontemplated sequence at the 5′ genomic DNA/LINE-1 junction (156, 203, 208, 284) , which may facilitate annealing of the LINE-1 cDNA to singlestrand DNA exposed at the top-strand genomic DNA target-site (279, 285, 286) . If so, we reason that the resultant LINE-1 cDNA/genomic DNA hybrid then may specify the placement of top-strand genomic DNA cleavage, generating the 3′ hydroxyl group needed for DNA-dependent (+) strand cDNA synthesis by either the , two open reading frames (ORF1, yellow box, and ORF2, blue box), a 3′ UTR (light gray box) followed by a poly (A) tract (A n ) and is flanked by targetsite duplications (thick black arrows). Transcription of LINE-1 occurs in the nucleus and produces a bicistronic RNA (wavy line). Upon translation in the cytoplasm, ORF1p and ORF2p (yellow circles and blue oval, respectively) bind back to their encoding RNA (cispreference) to form a ribonucleoprotein particle (RNP) complex. ORF1p and/or ORF2p also can retrotranspose cellular RNAs (mRNA, SVA, and Alu, in red, green, and orange wavy lines, respectively). The retrotransposition of Alu RNA only requires ORF2p (92) . There is some debate as to whether ORF1p augments Alu retrotransposition (410) , and if SVA retrotransposition requires both ORF1p and ORF2p (94, 95) . The LINE-1 RNP enters the nucleus where de novo insertion occurs by a mechanism termed target-site primed reverse transcription (TPRT). The ORF2p endonuclease activity makes a single-strand endonucleolytic nick at the genomic DNA target (L1 EN cleavage), at a loosely defined consensus site (5′-TTTT/A-3′, with "/" indicating the scissile phosphate). The ORF2p RT activity then uses the exposed 3′-OH group to initiate first-strand LINE-1 cDNA synthesis using the bound RNA as a template. The final steps of TPRT (i.e., top-strand cleavage, second-strand LINE-1 cDNA synthesis, and repair of the DNA ends) lead to the insertion of a de novo LINE-1 copy at a new chromosomal locus (light yellow box in light gray chromosome). The new LINE-1 copy is often 5′ truncated, contains a variable-sized poly (A) tract (A n ), and generally is flanked by target-site duplications (thick gray arrows). Additional references are provided in the text. doi: 10 
LINE-1-mediated transduction events
Active LINE-1s mobilize sequences that are derived from their 5′ and 3′ flanking genomic DNA by a process termed LINE-1-mediated transduction ( Figure 4A ). LINE-1s containing 5′ transduction events occur when a cellular promoter, which resides upstream of an active genomic full-length LINE-1 copy, is used to initiate LINE-1 transcription. Retrotransposition of the chimeric 5′ genomic/LINE-1 mRNA transcript then leads to the transduction of the 5′ derived genomic DNA sequence to a new chromosomal location. If a conventional RNA polymerase II promoter in genomic DNA is used to initiate LINE-1 transcription, the resultant 5′ transduced LINE-1 will lack the genomic promoter and generally will be transcribed using the internal promoter present in the LINE-1 5′ UTR in successive rounds of retrotransposition. Full-length LINE-1s containing 5′ transduced genomic DNA sequences originally were detected in the HGR (7) . A 5′ transduction event is relatively rare and can only be identified by examining the sequences of full-length LINE-1s. Notably, the Nathans laboratory demonstrated that a full-length mouse LINE-1 insertion carrying a 28 bp 5′ transduction led to the mis-splicing of the Nr2e3 gene in a retinal degeneration 7-mouse model (287) .
Due to the presence of inherently weak polyadenylation signals in their 3′ UTRs, LINE-1s also can mobilize sequences that are derived from their 3′ flanks, including exons, that range in size from tens of base pairs to at intermediates by synthesis-dependent strand annealing (right) can lead to the generation of an L1 chimera with an intrachromosomal duplication (the duplication of both segment "a" and the endogenous L1 sequence). The entire insertion is flanked by target-site duplications (black boxes). Notably, synthesis-dependent strand annealing can occasionally repair LINE-1 insertions generated in cultured cells by "twin-priming" (156) . Details on how chimeric LINE-1 integration events are formed can be found elsewhere (156, 202, 203) . Additional references are provided in the text. doi:10.1128/microbiolspec.MDNA3 -0061-2014.f4 least 1.6 kb in length by 3′ transduction (263, (288) (289) (290) ( Figure 4A ). This class of insertion is generated when RNA polymerase II bypasses the weak polyadenylation signal present at the 3′ end of a full-length LINE-1 and instead uses a fortuitous polyadenylation signal in the 3′ flanking genomic DNA. Retrotransposition of the resultant LINE-1/genomic hybrid mRNA leads to the insertion of the 3′ flanking genomic DNA downstream of the new LINE-1 copy at a new chromosomal location. Due to the structure of most mammalian genes, which contain long introns with significant numbers of LINE-1 and SINE insertions, we speculate that LINE-1s have evolved to contain a weak polyadenylation signal to minimize premature polyadenylation of intron-containing genes (263) (reviewed in references [291] [292] [293] .
The fact that LINE-1s can retrotranspose sequences derived from their 3′ genomic flanks to new genomic locations was first appreciated while characterizing a mutagenic LINE-1 insertion into the dystrophin gene (290) . The 3′ transduction "genomic tag" in the mutagenic insertion then was used to isolate the likely progenitor LINE-1, named LRE2 (290) . Experiments in cultured cells subsequently showed the LINE-1 3′ transduction events occur frequently and could, in principle, mobilize exons and promoters to new genomic locations, providing a possible mechanism for exon shuffling (60, 263) . Since that time, it has become apparent that ∼20% to 25% of LINE-1 retrotransposition events are accompanied by 3′ transduced sequences (288, 289) . The presence of 3′ transductions also have been used as "genomic tags" to identify progeny/offspring relationships among LINE-1 elements, to stratify full-length LINE-1 elements into subdivisions, and to identify clusters of LINE-1s that are actively mobilizing in the human population (58, 294) .
The severe 5′ truncation of the LINE-1/genomic mRNA upon TPRT can lead to the generation of "orphan transductions" that lack LINE-1 sequence (263). A mutagenic "orphan transduction" recently was identified as a cause of Duchene muscular dystrophy (295) . Notably, and consistent with cultured cell studies, a recent study reported that ∼24% of somatic LINE-1 retrotransposition events in tumors derived from 244 patients were accompanied by 3′ transduction events, and that many of these events represented "orphan transductions" (296) . Finally, it is noteworthy that transduction is not peculiar to LINE-1s. Both 5′ and 3′ transduction events have been observed with SVA retrotransposons (127, (297) (298) (299) . Indeed, SVA retrotransposons provided a vehicle to shuffle the acyl-malonyl condensing enzyme-1 (AMAC) gene to three different locations in primate genomes (298) .
LINE-1 target-site alterations: local alterations at the integration site
The mechanism of top-strand target-site cleavage at the genomic LINE-1 integration site requires elucidation. It is clear that the placement of second-strand DNA cleavage can influence the structure of the resultant LINE-1 integration events. After characterizing 100 engineered LINE-1 insertions in cultured cells, Gilbert and colleagues proposed a model that accounts for a number of observed target-site alterations (156, 202) . In this model, top-strand DNA cleavage upstream from the bottom-strand endonucleolytic nick can lead to small deletions of genomic DNA at the LINE-1 integration site. Likewise, top-strand DNA cleavage directly opposite to bottom-strand cleavage can lead to LINE-1 integration events that lack target-site alterations, whereas top-strand cleavage downstream of the initial endonucleolytic nick can lead to the generation of target-site duplications ( Figure 4A ). Interestingly, ∼10% of LINE-1 insertions in cultured cells were accompanied by large (greater than 50 bp) target-site duplications (TSDs); these large TSDs rarely are observed flanking LINE-1s in the human genome reference sequence (156, 202) ( Figure 4B ). Otherwise, the cultured cell retrotransposition assay largely recapitulates the spectrum of structural outcomes observed among endogenous germline retrotransposition events. However, the cellular milieu in which retrotransposition takes place, perhaps defined by the presence and activity of DNA repair machinery and other host factors, likely influences the range of possible LINE-1-mediated target-site alterations. Notably, the mechanisms described above also are likely to account for local target-site alterations accompanying SINE retrotransposition and processed pseudogene formation (reviewed in reference 11).
LINE-1-mediated retrotransposition target-site alterations: the generation of structural variants
In addition to minor target-site alterations, LINE-1 retrotransposition can lead to more substantial targetsite genomic DNA modifications. The examination of LINE-1 integration events in cultured human cells has revealed that approximately 10% of retrotransposition events are accompanied by rearrangements of targetsite DNA, creating genomic structural variation (156, 202, 203) (Figure 4B ). Comparisons of pre-integration and post-integration sites in genomic DNA have revealed that the resolution of TPRT intermediates can lead to the generation of chimeric LINE-1 sequences (156, 202, 203) . Single nucleotide polymorphism analyses revealed that the resultant integration events contain an endogenous genomic LINE-1 fused to the engineered LINE-1 and concomitant genomic alterations (156, 202, 203) ( Figure 4B ).
The formation of chimeric LINE-1 elements can occur by various mechanisms. For example, the resolution of TPRT intermediates by single-strand annealing or synthesis-dependent strand annealing can lead to the formation of LINE-1 retrotransposition-mediated deletions or duplications, respectively (156, 202, 203) (Figure 4B) . Importantly, large-scale genomic alterations observed in cultured cells are reflective of events occurring in humans. For example, a LINE-1 retrotransposition event was responsible for a 46 kb deletion in the PDHX gene of a human patient, resulting in pyruvate dehydrogenase deficiency (300) .
Genomic alterations also can accompany the retrotransposition of both Alu and SVA elements. For example, an Alu retrotransposition event that occurred ∼2.7 million years ago led to the deletion of an internal 92 bp exon within the CMP-Neu5Ac hydroxylase gene. As a result, humans are genetically deficient for N-glyconeuraminic acid (301) . Similarly, an SVA retrotransposition event led to an ∼14 kb deletion that resulted in the loss of the HLA-A gene in a cohort of Japanese families afflicted with leukemia (302) . Finally, recent studies showed that two independent post-zygotic SVA retrotransposition events into the NF1 gene were associated with large deletions of ∼1 Mb and 867 kb, respectively (167) .
On a larger scale, comparative genomics approaches between the human and chimpanzee reference sequences led to the identification of 50 LINE-1 retrotransposition events responsible for the deletion of ∼18 kb from the human genome and ∼15 kb from the chimpanzee genome (303) . Similar approaches uncovered 33 Alu retrotransposition events that eliminated approximately 9 kb of human DNA (304) . Hence, although relatively rare when compared with conventional retrotransposition events, LINE-1 retrotransposition-mediated deletion events continue to sculpt the landscape of the human genome.
Post-integration recombination events between genomic retrotransposons
The sheer mass of LINE-1 and Alu sequences in the genome also can provide substrates for post-integration recombination, generating structural variation in the human genome. For example, non-allelic homologous recombination, non-homologous DNA end joining, and other types of recombination events between genomic LINE-1 or Alu elements can lead to genomic alterations that result in human disease (reviewed in references 11, 151, and 305-307). Clearly, these examples will continue to grow as individual whole genome DNA sequencing continues during the coming years.
Endonuclease-independent LINE-1 retrotransposition
LINE-1 retrotransposition by TPRT is usually initiated by the cleavage of genomic DNA by L1 EN. The examination of LINE-1 retrotransposition in Chinese hamster ovary (CHO) cells deficient in components of the non-homologous end joining pathway of DNA doublestranded break repair led to the discovery of an alternative integration pathway termed endonucleaseindependent (ENi) LINE-1 retrotransposition (196) . The ENi pathway of LINE-1 retrotransposition is reminiscent of a type of RNA-mediated DNA repair in which LINE-1 elements that lack L1 EN function presumably can use genomic lesions to initiate TPRT (196, 308) . ENi retrotransposition events bear structural hallmarks distinct from canonical TPRT-mediated LINE-1 insertions in that they are frequently both 5′ and 3′ truncated, do not occur at typical LINE-1 endonuclease sites in genomic DNA, generally lack target-site duplications, and often are accompanied by the deletion of genomic DNA at the integration site (196) . ENi LINE-1 retrotransposition events also occasionally are accompanied by the insertion of short cDNA fragments at both their 5′ and 3′ LINE-1/genomic DNA junctions, which appear to be derived from the reverse transcription of cellular mRNAs (196, 309) .
Subsequent studies in DNA protein kinase catalytic subunit-deficient CHO cells revealed that ENi retrotransposition events could occur at dysfunctional telomeres, highlighting similarities between ENi retrotransposition and telomerase activity (309) (310) (311) (312) . Indeed, these results parallel the situation in Drosophila and bdelloid rotifer genomes, where "domesticated" retrotransposons function to maintain telomere length in place of a conventional telomerase activity (311, (313) (314) (315) .
As with other phenomena discovered using engineered LINE-1 retrotransposons in the cultured cell retrotransposition assay, putative ENi retrotransposition events also have been identified in the human and mouse genomes (174, 316) . Indeed, a likely ENi retrotransposition event into the EYA1 gene was accompanied by an ∼17 kb deletion, leading to a sporadic case of human oto-renal syndrome (317) . It will be interesting to learn whether deficiencies in other DNA repair pathways lead to increased ENi LINE-1 retrotransposition.
Notably, some group II introns lack an EN domain and can use 3′ hydroxyl groups at nascent DNA strands present at DNA replication forks to initiate retrotransposition (318) . Moreover, it has been proposed that the L1 EN domain was acquired after the L1 RT domain during LINE-1 evolution (248) . Together, these data indicate that the ENi pathway of LINE-1 retrotransposition may represent an ancient mechanism of LINE-1 retrotransposition before the acquisition of an APE-like endonuclease domain.
THE IDENTIFICATION OF HOST FACTORS THAT REGULATE LINE-1 RETROTRANSPOSITION
In the face of the deleterious consequences of LINE-1mediated retrotransposition, the host cell appears to have evolved a variety of mechanisms to restrict LINE-1 activity (reviewed in reference 13). Several of these processes are briefly described below.
LINE-1 DNA methylation DNA methyltransferases
The methylation of CpG sequences in the LINE-1 5′ UTR is associated with the suppression of LINE-1 expression in a variety of cell types (319) . DNA methylation is established in primordial germ cells, is maintained throughout the life of an organism, and is thought to control the expression of LINE-1 in somatic tissues (320) . De novo DNA methylation is catalyzed by the DNA methyltransferases Dnmt3a and Dnmt3b, but targeting of methylation to retrotransposon sequences requires the non-catalytic paralog DNA methyltransferase 3-like (Dnmt3L) (reviewed in reference 321). Notably, Dnmt3L-deficient male mice exhibit meiotic catastrophe, concomitant with an aberrant overexpression of LINE-1 and other transposon sequences (322) . Similar phenotypes also are observed in Maelstrom-deficient male mice (323). However, the mechanistic link between the loss of transposon methylation, transcriptional reactivation, and meiotic catastrophe in germ cells requires further investigation. Finally, recent reports suggest that 5-hydroxymethylation of cytidine, which is a mark enriched on the LINE-1 5′ UTR in pluripotent cells, might further regulate LINE-1 transcription (reviewed in reference 324).
piRNAs, PIWI proteins, and small RNAs derived from LINE-1
Other factors also are proposed to regulate de novo methylation of LINE-1 sequences in the developing germline (13) . P-element induced wimpy testes (PIWI) proteins, representing a subclade of the Argonaute family of small RNA binding proteins, interact with 26 to 31 nucleotide RNAs termed piwi-interacting RNAs (piRNAs) (reviewed in references 325 and 326) . In the Drosophila germline, PIWI proteins and piRNAs comprise an effective transposon defense system, wherein transposonderived piRNAs direct PIWI proteins to cleave active transposon transcripts (327, 328) . The cleavage and subsequent processing of expressed transposon RNAs give rise to additional piRNAs that fuel additional rounds of this robust and adaptive transposon defense cycle, which is aptly named the "ping-pong" amplification cycle (329, 330) (reviewed in references 13, 326, 331 and 332) .
Small piRNAs actively defend the mammalian germline from transposons (333) (reviewed in references 326 and 334) . In male mice, a deficiency in either of two murine PIWI clade proteins, murine piwi (MIWI2) or miwi-like (MILI), results in a similar phenotype to Dnmt3L deficiency marked by meiotic catastrophe, aberrant retrotransposon transcriptional upregulation, and failure to establish methylation on retroelements in the genome (335, 336) . A similar phenotype also is observed in MILI-interacting Tudor domain containing-1-deficient mice (337) . MIWI2 and MILI are proposed to participate in a "ping-pong-like" amplification cycle in the male primordial germline to generate piRNAs against actively expressed retrotransposons. In addition, MIWI2, directed by piRNA, is proposed to participate in the targeting of de novo methylation to retrotransposon sequences (333, 335) .
Several RNA-based restriction mechanisms also have been implicated in LINE-1 control. For example, the antisense promoter within the LINE-1 5′ UTR can give rise to an antisense RNA transcript that may form a complex with the LINE-1 mRNA to create a substrate for siRNA biogenesis, resulting in siRNAs that target LINE-1 transcripts (338) . In addition, the miRNA biogenesis factor Microprocessor/Drosha-DGCR8 has recently been demonstrated to specifically bind LINE-1, Alu, and SVA transcripts and cleave LINE-1 RNA in vitro (339) . Accordingly, cultured cell experiments reveal that Microprocessor can restrict LINE-1 and Alu retrotransposition (339) . In mouse embryonic stem cells, Dicer-dependent and Ago2-dependent RNAi mechanisms may possibly participate in LINE-1 regulation by limiting LINE-1 transcript accumulation (340, 341) .
LINE-1 RNA transcription and splicing KRAB zinc-finger proteins
Recent studies have revealed that members of the Krüppelassociated box (KRAB) zinc-finger (KZNF) protein family can recruit KRAB-associated protein-1 (KAP1) and its associated repressive complex to LINE-1 and SVA retrotransposons, which, in turn, inhibits their expression in embryonic stem cells (56, 57) . The human KZNF protein, ZNF91, requires the SVA VNTR to bind and potently inhibit SVA expression (56) . By comparison, ZNF93 binds to a sequence within the 5′ UTR of older LINE-1 subfamilies (i.e., L1PA3, L1PA4, and older elements) to inhibit their expression (56) . Interestingly, the ZNF93 binding site has been deleted from the 5′ UTR of active L1Hs elements, suggesting that L1Hs elements evaded the repressive effects of ZNF93 (56) . Consistent with this idea, ZNF93 overexpression potently inhibited the retrotransposition of an engineered L1Hs element containing a reconstituted ZNF93 binding site in its 5′ UTR (56) . Indeed, these data suggest that select KZNF proteins may be locked in an evolutionary arms race with LINE-1 and SVA retrotransposons and that the ability of LINE-1 to evade ZNF93 binding may represent a mechanism to drive LINE-1 subfamily succession (56, 57) .
LINE-1 RNA splicing and premature polyadenylation
TPRT often leads to the retrotransposition of a fulllength human LINE-1 mRNA. Hence, it was somewhat surprising to find that full-length human LINE-1 RNAs contain a conserved splice donor sequence at position +98 of the 5′ UTR (342) . Recent studies have revealed that the splice donor site is functional and that its use can lead to the generation of shorter LINE-1 mRNAs, which may be compromised for retrotransposition (342, 343) . Indeed, LINE-1 mRNA splicing may serve as a regulatory mechanism to restrict LINE-1 expression and/or retrotransposition in a tissue-specific manner.
A full-length LINE-1 also contains a number of potential polyadenylation signals, and their use can lead to the generation of shorter LINE-1 mRNAs that are compromised for retrotransposition (344) . Indeed, it also is proposed that the adenosine-rich nature of the LINE-1 sense strand transcript, as well as the presence of the abovementioned polyadenylation signals, may act as "molecular rheostats" to fine-tune the expression of genes containing full-length LINE-1s (345) .
Cellular RNA binding proteins
Recent evidence suggests that RNA binding proteins may play a direct role in modulating LINE-1 retrotransposition. For example, heterogeneous nuclear ribonucleoprotein L (hnRNPL), a protein that facilitates alternative splicing, was shown to associate with both mouse LINE-1 RNA (346) and human LINE-1 RNPs (201) . The knockdown of hnRNPL led to an increase in the levels of mouse LINE-1 RNA and ORF1p and an increase in the retrotransposition of engineered LINE-1 in cultured cells (346) . In addition, the poly (A) binding protein C1 (PABPC1) interacts with the LINE-1 RNA and is required for LINE-1 RNP formation and efficient retrotransposition (347) . Finally, cell culture assays have shown that human LINE-1 and mouse IAP mobility are restricted by the RNase activity of human RNase L, a member of the 2′,5′oligoadenylate (2-5A) synthetase (OAS)-RNase L system, initially described for restricting viral infections during the interferon antiviral response (348) . Clearly, it will be interesting to determine how these RNA binding proteins affect LINE-1 retrotransposition at the mechanistic level.
Other proteins that restrict LINE-1 retrotransposition APOBEC3 cytidine deaminases
The human APOBEC3 gene family encodes seven proteins that can catalyze the deamination of cytidine to uridine residues in single-strand DNA substrates (reviewed in reference 349). Landmark findings by Malim and colleagues revealed that APOBEC3G potently restricts vifdeficient HIV infectivity (350) . Subsequent studies demonstrated that several members of the APOBEC3 family, most potently APOBEC3A (A3A) and APOBEC3B (A3B), robustly inhibit LINE-1 and Alu retrotransposition in cultured cells (351) (352) (353) (354) (355) (356) . How A3B restricts LINE-1 retrotransposition remains unknown, although it may do so by both cytidine deamination-dependent and -independent pathways (351) . Similarly, APOBEC3C (A3C) modestly inhibits LINE-1 retrotransposition in cultured cells by a cytidine deaminase-independent pathway (357) . In contrast, a recent study demonstrated that A3A-mediated LINE-1 inhibition occurs by a deaminase-dependent pathway and that A3A can deaminate single-strand DNAs that are exposed transiently during LINE-1 TPRT (358). This mechanism is consistent with recent reports of APOBEC3mediated deamination of single-strand genomic DNA in several types of cancer (359, 360) .
Trex1/SAMHD1
Aicardi-Goutières syndrome (AGS) is a rare childhood inflammatory disorder that can lead to neurodevelopmental deficiencies (reviewed in references 361 and 362). AGS can be caused by mutations in several genes, including Trex1, SAMHD1, and RNaseH2 (363) (364) (365) . Intriguingly, the overexpression of Trex1, a 3′ to 5′ DNA exonuclease, can restrict both LINE-1 and IAP retrotransposition in cultured cells (366) . Similarly, the overexpression of SAMHD1, a triphosphohydrolase that can reduce intracellular dNTP pools, can inhibit LINE-1 retrotransposition in cultured cells (367) . Detailed studies are needed to determine the mechanism by which Trex1 and SAMHD1 inhibit LINE-1 retrotransposition. It also will be interesting to determine whether LINE-1 retrotransposition is elevated in tissues (e.g., brain regions [see below]) of AGS patients and if mutations in any of the three subunits of human RNaseH2 or other genes leading to AGS (i.e., ADAR1 and IFIH1) regulate LINE-1 retrotransposition (368) (369) (370) .
MOV10
Moloney leukemia virus 10 (MOV10) is an RNA helicase that inhibits the activity of several retroviruses including HIV-1 (reviewed in reference 371). MOV10 also restricts the retrotransposition of human LINE-1, Alu, SVA, and mouse IAP elements in cultured cells (372) (373) (374) . The mechanism by which MOV10 inhibits LINE-1 retrotransposition requires elucidation. However, recent experiments have shown that MOV10 co-localizes with LINE-1 ORF1p in RNPs, directly binds LINE-1 RNA, and that mutations in the conserved helicase domains of MOV10 inhibit its ability to restrict LINE-1 retrotransposition (373) (374) (375) . Notably, the MOV10-like-1 (MOV10L1) putative helicase also has been reported to play a role in piRNA-directed retrotransposon silencing in male germ cells (376, 377) .
THE IMPACT OF LINE-1-MEDIATED RETROTRANSPOSITION EVENTS ON THE GENOME Developmental timing of LINE-1-mediated retrotransposition events
Despite the myriad of host defense mechanisms in place to restrict LINE-1 retrotransposition, de novo heritable LINE-1 insertions continue to occur and contribute to inter-individual human variation (reviewed in references 11 and 13). Although it remains unclear how frequently new, heritable LINE-1-mediated retrotransposition events arise in the human population, estimates suggest that ∼1/100 humans harbors a de novo LINE-1 insertion and ∼1/20 humans harbors a new Alu insertion (reviewed in reference 378). Moreover, the developmental timing of heritable retrotransposition events remains an area of active investigation. Retrotransposition in the germline lineage (i.e., gametes or precursor cells giving rise to gametes) presents an attractive and logical hypothesis for the generation of heritable insertions and is supported by evidence for full-length LINE-1 mRNA expression in the male germline and LINE-1 ORF1p expression in male and female germ cells (379) (380) (381) . On the other hand, recent studies employing transgenic animal models, human patient samples, and cell culture models have provided substantial evidence that pluripotent cells of the early embryo (i.e., embryonic stem cells) express LINE-1 mRNA and ORF1p, and provide a permissive milieu for accumulating potentially heritable de novo retrotransposition events (see below) ( Figure 5 ).
Transgenic animal models
The first study to experimentally recapitulate LINE-1 retrotransposition in vivo used transgenic mice harboring an engineered human LINE-1 tagged with an EGFP retrotransposition indicator cassette (195) . A pPolII promoter augmented the expression of the LINE-1, whereas a sperm-specific acrosin promoter drove the expression of the EGFP gene. The enhanced green fluorescent protein (EGFP) was equipped with a signal peptide, which would allow EGFP to localize to the acrosome of developing spermatids (382) . The examination of 135 offspring derived from crosses of transgenic males to wildtype females allowed the identification of two de novo LINE-1 retrotransposition events. Interestingly, one of these animals contained a de novo LINE-1 retrotransposition event but lacked the transgene, suggesting that LINE-1 retrotransposition could occur in the male germline before the onset of meiosis II (382, 383) .
Subsequent work, employing transgenic mouse and rat lines in which LINE-1 expression was driven by the native LINE-1 promoter, once again led to the identification of de novo LINE-1 insertions (384) . As above, a number of offspring contained de novo LINE-1 retrotransposition events, but lacked the transgene. Unexpectedly, these animals were unable to pass the de novo retrotransposition event on to their progeny, suggesting that animals were mosaic-that is, they contained the de novo retrotransposition event in somatic cells, but not in their germline cells (384) . How might such a scenario happen? The authors suggested that LINE-1 RNPs that are formed in either the male or female germline can be carried over to the zygote and subsequently can undergo retrotransposition in the early embryo. Clearly, these results require verification; however, this study provided tantalizing evidence that a substantial number of LINE-1 retrotransposition events may occur postzygotically.
It remains difficult to study LINE-1 retrotransposition in female oocytes. However, recent data suggest that LINE-1 expression and/or retrotransposition may lead to fetal oocyte attrition in mice (385) . Hence, additional research in this area might provide mechanistic information about the timing of heritable LINE-1 retrotransposition events. 
Human patients
Although approximately 100 cases of human genetic disease have been attributed to LINE-1-mediated retrotransposition events (reviewed in reference 14), it remains difficult to identify the developmental timing of a retrotransposition event. It was long assumed that LINE-1 actively retrotransposes in the male and female germline. Recent reports suggest that endogenous LINE-1s are expressed in human female oocytes and that engineered LINE-1 constructs readily retrotranspose in oocytes (381) . In contrast, despite concerted efforts, it has been difficult to find evidence for endogenous LINE-1 retrotransposition in human sperm (386) .
The identification of disease-producing LINE-1mediated retrotransposition events has provided additional evidence for postzygotic, somatic insertions. In one instance, a LINE-1 retrotransposition event into the CHM gene led to X-linked choroideremia in a male patient (387). The examination of DNA from his family members revealed that his two sisters shared the same maternally inherited haplotype in the CHM region, but only one sister contained the retrotransposition event (387). Surprisingly, the mother of the patient was a somatic mosaic with respect to the LINE-1 retrotransposition event. These data, combined with the failure to pass the LINE-1 retrotransposition event to one of her daughters (see above), provided unequivocal evidence that LINE-1 retrotransposition can occur in the early embryo to generate both somatic and germline mosaicism and that the resultant retrotransposition event can be passed on to subsequent generations (387) ( Figure 5 ). Indeed, recent data suggest that SVA and processed pseudogene insertions also occur postzygotically (167, 168) .
Experiments in developmentally relevant cultured cell lines
The notion that LINE-1-mediated retrotransposition events can occur early in development is supported by studies in cultured cells. For example, human embryonic stem cells express endogenous LINE-1 mRNA and ORF1p and can accommodate the retrotransposition of engineered human and mouse LINE-1s (213, 388) . Similar results also have been obtained from studies conducted with human embryonic-carcinoma-derived cell lines (389) and induced pluripotent stem cells (390) . Together, the above studies suggest that cells of the early embryo may represent an important developmental stage for heritable retrotransposition events in mammals.
Somatic LINE-1 retrotransposition LINE-1 retrotransposition in the brain
In order to ensure its continued existence, it was widely believed that LINE-1 retrotransposition must occur in cells (e.g., germ cells) that have the potential to contribute to subsequent generations. This view was radically overturned by the unexpected observations that: (i) the differentiation of adult rat hippocampal neural stem cells into neuronal precursor cells and neurons leads to an increase in LINE-1 transcript abundance, and (ii) engineered LINE-1 retrotransposons could retrotranspose in cultured rat neuronal precursor cells and in the brain of transgenic mice (391) ( Figure 6A ). Subsequent studies revealed that engineered LINE-1s could retrotranspose in both fetal and human embryonic stem cellderived neuronal progenitor cells (392) , that sensitive quantitative polymerase chain reaction-based experiments could detect an increase in LINE-1 copy number in several human brain regions (e.g., hippocampus) when compared with matched liver or heart samples (392) , and that engineered human LINE-1 retrotransposons exhibit enhanced somatic retrotransposition in the mouse models lacking either the methyl-CpG-binding protein 2 (MeCP2) or ATM genes (282, 393) ( Figure 6 ).
The use of next-generation sequencing is now providing additional insights into LINE-1 retrotransposition in the brain. The development of retrotransposon-capture sequencing (RC-seq), a technique in which custom oligo-nucleotide probes are used to enrich sequencing libraries for fragments containing LINE-1/genome junctions, demonstrated that endogenous LINE-1 insertions contribute to somatic mosaicism in the human brain (394) ( Figure 6 ). The examination of DNAs derived from the hippocampus and caudate nucleus of three advanced-age post-mortem brain samples revealed ∼7,700 potential somatic LINE-1 insertions and thousands of potential Alu and SVA somatic insertions (394) . Sanger sequencing verified a handful of these putative insertions and showed that several insertions exhibited structural LINE-1 hallmarks.
One of the limitations of RC-seq and other methods that analyze bulk tissue samples is the inability to accurately quantify the extent of somatic LINE-1 mosaicism in the brain. Single-cell genomic analysis, a technically challenging undertaking, has the potential to provide key insights regarding this facet of neuronal retrotransposition. Indeed, a recent study using whole cell amplified genomic DNAs from 300 single neurons from the cerebral cortex and caudate nucleus led to the identification of somatic retrotransposition events in the brain (395) . However, the level of LINE-1 retrotransposition, which was estimated to be ∼0.6 insertions per cell (395) , was lower than the level detected in previous studies (392, 394) . Methodological differences, as well as differences in the brain regions that were analyzed (e.g., the hippocampus, caudate nucleus, or cortex) may account for the different number of retrotransposition events detected in the above studies.
Clearly, more studies are needed to determine if the rate of LINE-1 retrotransposition varies in different brain regions or cell types, why neuronal precursor cells apparently are permissive for LINE-1 retrotransposition, and whether LINE-1 retrotransposition in the brain has biological consequences. However, a union of the above results indicates that LINE-1 can retrotranspose in the human brain. It also is notable that the mobility of TEs may not be restricted to the mammalian brain, as recent reports suggest that TEs also are active in the Drosophila brain (396, 397) .
LINE-1 retrotransposition in cancer
The discovery of a mutagenic LINE-1 retrotransposition event into the adenomatous polyposis coli (APC) gene led to the realization that LINE-1 retrotransposition may have a role in tumorigenesis or tumor progression (398) . In recent years, the creation of polymerase chain reaction amplicon libraries enriched for L1Hs elements and their associated genomic flanking DNA sequences, in conjunction with next-generation DNA sequencing, has led to the identification of de novo LINE-1-mediated retrotransposition events in a variety of tumor types, FIGURE 6 Long INterspersed Element-1 (LINE-1) retrotransposition in the brain and in cancer. (A) Model for how LINE-1 generates somatic mosaicism in the brain. Sox2, MeCP2, and promoter methylation (red X over the LINE-1 5′ untranslated region [UTR]) are hypothesized to repress LINE-1 expression in neural stem cells (yellow cell). The differentiation of neural stem cells into neuronal precursor cells (NPCs) correlates with a reduction in LINE-1 promoter methylation and a derepression of LINE-1 expression, allowing a permissive milieu for retrotransposition (insertion-bearing NPC [blue cell]). Subsequent differentiation of NPCs into neurons leads to somatic LINE-1 mosaicism in the brain (insertion-bearing neurons [blue cells]). It is unknown whether LINE-1 retrotransposition occurs in postmitotic neurons. (B) Model for how LINE-1 may act as a "driver" or "passenger" mutation during cancer progression. In a somatic cell (yellow cell), LINE-1 expression generally is repressed by promoter methylation (red X over the LINE-1 5′ UTR). After oncogenic transformation (top panel), the derepression of LINE-1 expression in some tumor cells (green cells), allows de novo LINE-1 retrotransposition events that act as "passenger" mutations (insertion-bearing tumor cell in red), leading to somatic mosaicism in the resultant tumor. Alternatively, tumorigenesis can be triggered by a de novo LINE-1 retrotransposition event that acts as a potential "driver" mutation (bottom panel), leading to the clonal amplification of the insertion-bearing cell (red cell). Additional references are provided in the text. doi:10.1128/microbiolspec.MDNA3-0061- 2014.f6 including lung, liver, ovarian, colorectal, and prostate cancers (69, 296, (399) (400) (401) (402) . Whether these insertions represent "driver" or "passenger" mutations in tumors requires elucidation (403) ( Figure 6B) ; however, it is clear that advances in DNA sequencing technology should allow an answer to this question in coming years.
CONCLUDING REMARKS
The discovery of TEs in the mid-twentieth century by Barbara McClintock elegantly demonstrated that TEs were arbiters of genetic diversity and that their mobility could influence gene expression and genome structure. It is now clear that TEs are a dynamic component of mammalian genomes that have a profound effect on genome evolution. LINE-1s and SINEs generate both intraindividual and inter-individual genetic variation and continue to sculpt the human genome. Advances made during the previous 13 years have elucidated mechanistic features of LINE-1-mediated retrotransposition, the impact of LINE-1-mediated retrotransposition on the human genome, and how the host defends itself from the onslaught of unabated LINE-1-mediated retrotransposition events. Future research should elucidate how, when, and where LINE-1-mediated retrotransposition events occur in humans, how epigenetic mechanisms act to regulate LINE-1 expression (for example see refs. [389, 404] ), and how LINE-1s alter the epigenetic landscape of the genome (e.g., perhaps by playing a role in X-inactivation [405] [406] [407] ). Indeed, we look forward to gaining a greater understanding about how LINE-1-mediated retrotransposition events contribute to diseases, such as cancer, and if they play a role in human neuronal plasticity. Although once disparaged as a class of "junk DNA", it is now clear that a deep understanding of LINE-1 biology is paramount to our understanding of the evolutionary forces that have shaped human genomes.
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